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ABSTRACT

Data are presented op the inclusive . .
production of v~ , K, p, and p for =,
K", and protons incident on nuclear
targets at 100 GeV. The results cover
the kinematic range 30-5 P- X 88 GeV/c _
for P.= 0.3 and 0.5 GeV/c. The observed
A-depéndence of the invariant cross

- sections exhibits remarkable simplicity,
which does not naturally follow from
current models of particle production.
The results show that the hypothesis of
limiting fragmentation can be extended
to include collisions with nuclel.
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I. Introduction

The mechanism of hadron fragmentation and resultant
particle production in high energy hadron-hadron collisions
is not well understood. 1In order teo investigate the main
features of the fragmentation process we have carried out an
extensive experimental survey of the forward particle
spectra for incident pions, kaons, and protons, and a broad
range of targets and incident energies. The results on the
projectile and energy dependence of the spectra for a proton
target have been presented previously.1 In this paper we

concentrate on the target dependence of the spectra.

There are several motivations for investigating
projectile fragmentation from such apparently complex
targets as nuclei. From the peint of view of the study of
the hypothesis of limiting fragmentationz, nuclear targets
add a new dimension, Consider, for example, a
hadron-nucleus collision in the rest frame of the incident
hadron, i.e., in which the nucleus is the projectile. Two
interesting questions arise:

1) At high erergies, do hadron targets fragmert in an

energy-independent way for projectiles

considerably more massive and complex

than nucleons?

2) If so, to what extent does the fragmentation depend

on the projectile?
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We know from previous hadron-nucleus experiments that
at high energies the multiplication of hadrons within a
nucleus 1s relatively weak.3 This has been interpreted as
evidence of leng formation times of the produced particles.4
If this is a correct interpretation, nuclear targets can be
looked upen as filters analyzing the wave function of the
projectile.5 From this point of view, the leading particle
spectra reflect that part of the wave function which has not

been absorbed by the target,

Finally, the A-dependence of the leading particle
spectra can give information on the rate of energy loss of
strongly interacting particles as they pass through ruclear
matter.6 In contrast to the extensive Kknowledge of the
energy loss by ionisation when charged particles pass
through ordinary matter, little is known about the nruclear
stopping power for hadrons, This information is not only
important for a better understanding of the interactions
that take place when twe hadrons pass through each other,
but also is needed for predicting the kind of nuclear
densities that may be achieved in head-on collisions of

large nuclei.®

Previcus measurements of the A-dependence of inclusive
* +
processes in the beam fragmentation region include w , K ,

p, and P production in proton interactions at 24 GeV7, NO,

0

A, k ° production by protons at 300 GeV % =° production by
s

protons at 400 GeV 9, and neutron production by protons at

10
400 GeV . In this experiment, we have measured the
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+
inclusive production of ni, Kt, p, and p irn 100 GeV w+, K,

and p collisions with C, Al, Cu, Ag, and Pb targets. Since
essentially the same equipment was used in an earlier
measurement of these same processes for a hydrogen target,
an accurate comparison between hA and hp interactions, free
of many systematic errors, is possible, Prelimirary results

of this experiment have been discussed in Ref. 11.

II. The Experimental Method and Measured Cross Sections

The data were collected using the Fermilab Single Arm
Spectrometer facility in the M6E beam lirne. An incident
positive beam of 100 GeV/c was used. The production of the
fast secondaries was measured over a momentum range of 30
GeV = P £ 88 GeV/c and transverse momentum range 0.18 < In:i
0.5 GeV/c. Data were taken simultanecusly for the nine
reaction types (mw, 7K, mp, etc.). Good T-K-p separation
was achieved over the entire kinematic range using the seven
gerenkov counters of the facility. Full details of the

apparatus, data taking, and analysis procedures are

described in Ref. 1.

A list of the targets used in the experiment is given
in Table 1. Typical data consisted of a sequential set of
measurements using the thickest targets of C, Al, Cu, Ag,
and Pb along with an empty target run at a fixed
spectrometer momentum and angle setting. In this way, the

A-dependence of the invariant cross sections for each
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channel could be studied without requiring detailed
kncwledge of absolute acceptance apertures, particle
identification efficiencies, etc. The thinner targets were
used at P = 40 GeV/c and 80 GeV/c to study finite target
thickness effects by extrapolation to zerc target thickness.
The average corrections to the thick target data were

x-independent and 578%.L

In a manner similar to that described in Ref. 1, the
interaction rates were corrected for particle absorption and
decay in the spectrometer, multiple scattering losses in the
spectrometer, particle misidentification, and track
reconstruction irefficiencies. The corrected rates were
then used to obtain the invariant differential cross section

for every channel.

In addition to the nuclear targets, data were taken on
a hydrogen target at P = 40 GeV/¢ and 80 GeV/c fo} Py = 0.3
GeV/c. Tbke invariant cross sections for the high statisties
ﬁ+p'+ 1+t X arnd pp + pX channels measured in this experiment
agree on the average with those previously quotedl to 4 ¥ o1
in absolute value. Throughout this paper the quoted
hydrogen cross sections are the statistically more accurate

ones measured earlier.

The complete set of measurements of the invariant cross
sections is given in Table 2. The errors are primarily
statistical, but contain a small contribution from particle

misidentification. The overall normalisation uncertainty is
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estimated to be 10%. The systematic uncertainty due to
particle misidentification, in the reactions with an
outgoing kaon, is less than 5%. As an illustration of these
results, in Figs. 1 - 4 the invariant cross sections for

+

+ - +
p+ p, P>m , © + 7, andn

+ K at Rt = 0.3 GeV/¢c are

plotted as a function of Feynman x.12

In order to exhibit explicitly the A-dependence of the
data, at every kinematic point the invariant cross sections

were fitted to the empirical form

30 o

=]
ulﬂa
|
Q
>
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[+

P

Hydrogen data were not included in the fits., A typical data
set and the fit to it are shown in Fig. 5. The results of
all the fits are giver in Table 2. As can be seen from
these results, as well as from mest other nuclear target
experiments, the extrapolation of equation (1) to A = 1 does
not yield the hydrogen result. This makes clear that
conclusions drawn from experiments that use only one nuclear
target in conjunction with hydrogen should be tfeated with

caution.
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III. Discussion of Results

The A-dependence of the inelastic cross sections on

nuclei at 100 GeV can be parameterized asl3: 25,339'76mb,
20.94%7%mb, and 38.28%°72mb for incident vt , K, and

protons respectively. The corresponding hydrogen cross
sections arel?: 20.2mb, 16.7mb, and 31.4mb. A comparison
of these values with those ir Table 2 indicates that, over
the entire projectile fragmentation region, and for all
produced particles, the ratio of the inclusive cross section
to the total inelastic cross section is smaller for a

nuclear than for a proton target. Furthermore, this ratio

decreases as the size of the nucleus increases.

As a test of the hypothesis of limiting fragmentationz,

we can compare our incident proton data at 100 GeV with
those of Eichten et gl.T at 24 GeV. We find that the
absolute values of the cross sections on nruclei ére slightly
higher at 24 GeV than at 100 GeV. A similar change is seen

15 The

in proton target data over this energy range.
A-dependences at the twe energies are in very good
agreement. We conclude that while the fragmentation of the
projectile does depend on the nature of the target, the

approach te scaling ir Feynrman x does not.

For the kinematic range covered by this experiment, the
A-dependence as expressed by the exponent o exhibits a
remarkable simplicity. With a few exceptions, discussed

later, it is only a function of x and incident particle
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type. It is independent of the outgeing particle type. To
illustrate these features, in Fig. 6 we plot ¢ as a function
of x for a broad range of proton-induced reactions. In the
interest of clarity, data points with errors in a greater
than £0.03 have been cmitted. The curve which has the
functional form o(x) = 0.74 - 0.55x + 0.26X° is a
pelynomial fit to all previous world data and data from this
experiment. It has no particular sgignificance other than to
guide the eye. Although we have not plotted some
statistically less significart results in Fig. 6, it should
be pointed out that all our proton data are well represented

by the fitted curve, with x2/DF = 0.7, (see Fig. 7). Except

for p> P at 24 GeV and p~+ =° at 300 GeV, the data in Fig.
6 for x > 0.2 suggest that o is a function of x alcne. 1In
other words, they suggest that, for a given x, the ratios of

the production of various types of particles are independent

of the target and of the incident energy.

If one takes this suggestion sericusly and couples it
to the observation that the functional form of dg/dx differs
dramatically for various outgoing particlesl, one seems to
arrive at a very strong set of constraints on the possible
mechanisms of particle production. For example, such
behaviour does not follow naturally from models such as the
additive quark modellﬁ, which assumes that the leading
particle spectrum is a reflection of the momentum spectrum

of those valence quarks which are not absorbed in the

target, nor does it follow from dual-parten models.17 This
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is most readily seen ir the the similarity of the
A-dependence of channels such as p—+ p, p-*A‘D, or p- r+,
where the projectile and outgeing particle have one or more
valence quarks in commen, to the A-dependence of channels

)

- 0
such as p+A"°, p~+ Ks, or p+ K , where there are noc common

valence quarks.

The data are alseo incoensistent with any mechanism whose
essence is that the hadrcnic matter from the incident
particle is slowed down as it passes through the target, and
then decays into different particles ir ratios independent
of the firal momentum of this hadronic matter. If this were
the case, the ratics of particles at a givern x on nuclear
targets would be the same as the ratios from a protor target
at a higher value of x, and not at the same x as is

observed.

Finrally, it is difficult to see how any multiple
collision model could account for the observed trends, ir
particular the constancy as a function of A of the ratios of
the various produced particles at the highest values of x,
i.e., greater than, say, 0.5. One possible mechanism which
could explain such a constancy is that, at high x, particles
are produced in collisions where only one target nucleon is
invoelved, However, if this were so, o should be independent
of x and should apprcach a value of about 0.31 for incident
protons. This corresponds to the A-dependence of the
probability of a collision with a single nucleon in the

nucleus.
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A similar comprehensive study of 7t~ and XK *-induced
reacticns is not possible because, as is apparent from Fig.
8, for most channels our statistical accuracy is inadequate,
and no other comparable data exist. The orly general
conclusion that can be drawn from these data is that for n'-
and Kt —induced reactions, o tends to be higher than for
proton-induced reactions. This may simply be a reflection
of differences in the m, K, and p inelastic cross sections

on nucleons.

Among the T and K data the only channels with
sufficient data to allow us to investigate the x-dependences
are 17+ ¢t and v¥ s 17. These results are repletted in
Fig. 9, together with the polynomial fit to the proten data
(solid lire) and the same fit displaced by 0.045, the
difference in the A-dependence of the inelastic cross
section of pions and protons (broken line). These data
suggest that the x-dependence of o for m-induced reactions
follows a universal curve similar to that observed in the
proton data, but that superimposed on it for these
particular channels there is an enhancement in .a around an
x-value of 0.7. This enhancement probably reflects some
coherent nuclear phenomenon.18 At very low momentum

transfers similar enhancements have been seen by Whalley et

El.loin the p * n channel.
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In the past many experiments using emulsion targets
have claimed that as x ircreases o first decreases and then
increases towards a value equal toc that of the inelastic
cross section. This trerd has been interpreted by somel?
as an indication of a multiperipheral type of interaction.

We see no evidence for such a trend.

Consistent with earlier experiments over the limited
range in transverse momenta covered by our data, we find no
significant variation of the A-dependence as a function of
Rt. In Fig. 10, for example, the difference of o at a Pt
of 0.3 and 0.5 GeV is plotted as a function of x for
n+ > n+, n+~+ T, p = w+, and p+ p. This behaviour also

excludes the interpretation of particle productioen in nuclei

in terms of sequential collisions.

To summarize, we observe from our data and from a
comparison of our data with earlier experiments, fhat the
A-dependence of the inclusive cross sections in the
projectile fragmentation region exhibits a remarkable
simplicity. For most channels the A-dependence is a
universal, weakly-decreasing function of x independent of
the ocutgoing particle, its transverse momentum, and the
incidert energy. The difference of the A-dependences for
various incident particles probably arises from the
different irelastic cross sections on nucleons. We know of
no medel which in a natural way predicts such a simple
behaviocur. However, it should be pointed out that most

current models have sufficient flexibility to encompass the
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data. Our results do not rule out a weak dependence of

¢ on the produced particle, and it is possible that o is
not very sensitive te the mechanism of production. In the
+

+ L3 . >
m -+ ®m channels, there is evidence in our data for the

presence of some coherent phenomena.
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Table 1. Targets used in this experiment., Most data

' were taken with the thicker targets. The
thin targets were used primarily for finite
thickness corrections.

Target A Thickness (g-cm-z)
C 12.0 1.37
3.93
5.79
Al 27.0 5.99
Cu 63.5 2.89
5.94
9.94
Ag 107.9 6.71
Pb 207.2 2.06
4,00

7.38
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Table 2. The measured inclusive invariant differential
cross sections and the results of the fit of
the data to Equation (1). The errors shown
for the measurements are primarily statistical,
but contain a small contribution from particle
misidentification. In addition, there is an
overall normalisation uncertainty estimated to
be 10%.
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10.

FIGURE Captions

The invariant differential cross section

for pA + pX plotted as a function of x for an
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incident momentum of 100 Geqéat transverse momentum

of 0.3 GeV/c.

The invariant differential cross sectiorn for

pA +~ 17X plotted as a function of x for an incident

momentum of 100 Geyéand transverse momentum of 0.3

GeV/c.

The invariant differential c¢ross section for
A+ 1 X plotted as a function of x for an

incident momentum of 100 Gey/and transverse

momentum of 0.3 GeV/c.

The invariant differential cross section for
A + KX plotted as a function of x for an
incident mementum of 100 Geg/and transverse
momentum of 0.3 GeV/c.

The invariant differential cross section for
pA » pX plotted as a function of A for x = 0
0.8 at transverse momentum of 0.3 GeV/c. The
straight lines are the best fits of the data
equation (1).

The variation of the parameter g with x for various

particles produced by protons at a transverse

.3 and

to

momentum of 0.3 GeV/c and for incident energies

spanninrg the range 24 « 400 GeV. The curve is
polynomial fit te the data as discussed in th
text.

a
e

The variation of the parameter g with x for our
prcton data at a transverse momentum of 0.3 GeV/c.

The curve is the polynomical fit to the world
as discussed in the text.

The variation of the parameter o with x for the x%t

data at a trarsverse momentum of 0.3 GeV/c.

The variation of the parameter o with x for the 7

+

data

+

and #° + 7© channels at a transverse momentum of

0.3 GeV/c. The solid line is the polynomial fit to
the proton data shown in Fig., 6. The broken line is

the same fit raised by 0.045. See text.

The measured difference in the parameter o at

transverse momentum 0.5 GeV/c and 0. 3 GeV/c for

various pt- and proton- induced reactions, as
function of x.
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+
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